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Abstract 


Four  weldments  of  varying  levels  of  weld  joint  to  baseplate  strength  (mis-match) 
were  examined  to  determine  the  effects  of  this  ratio  on  fracture  performance.  Cracks 
were  placed  within  the  weld  metal  at  several  ratios  of  weld  fusion  margin.  This  margin  is 
defined  as  the  ratio  of  crack  tip  proximity  to  the  weld  fusion  line  and  crack  length 
(Lcrk/a).  Finite  element  studies  were  then  performed  on  each  variation  of  weld  fusion 
margin  and  mis-match  level  to  determine  the  crack  driving  force  not  accounted  for  in  a 
typical  fracture  analysis,  which  assumes  monolithic,  homogenous  weld  metal  specimens 
and  ignores  the  weld/baseplate  interaction.  Assuming  homogenous  weld  metal 
specimens  results  in  J-R  curves  that  exhibit  markedly  different  crack  growth  resistance 
behavior  depending  on  crack  tip  proximity  to  the  weld  fusion  line.  Once  local  plasticity 
and  the  additional  constraint  caused  by  the  weld/baseplate  interface  are  included  in  the 
analysis,  fracture  behavior  is  independent  of  crack  tip  proximity  to  the  fusion  line  up  to 
and  slightly  beyond  initiation.  Errors  in  fracture  toughness  at  weld  fusion  margins 
greater  than  or  equal  to  1 .5  are  less  than  10%  and  can  reasonably  be  ignored.  Errors  at 
smaller  values  of  Lcrk/a  are  considerable,  and  effects  of  local  plastic  deformation  and 
constraint  must  be  accounted  for  in  the  fracture  analysis.  Furthermore,  uncorrected 
estimates  of  initiation  toughness  (Jjc)  in  specimens  where  the  weld  fusion  margin  is  less 
than  1.5  results  in  overly  conservative  estimates.  The  percentage  of  weld  mis-match  was 
fovmd  not  to  be  a  major  factor  in  determining  either  crack  growth  resistance  or  crack 
initiation  behavior.  An  increased  propensity  toward  imstable  fracture  was  observed  in 
specimens  with  smaller  Lcrk/a  ratios.  This  effect  may  be  attributed  to  a  local 
microstructural  defect  and  requires  further  study. 
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Introduction 


Established  standards  typically  require  welded  structures  be  composed  of  a  weld 
metal  of  higher  strength  than  the  joined  baseplate  [1, 2].  Traditional  U.S.  Navy 
requirements  specify  weld  consumables  must  have  a  higher  yield  strength  than  the  base 
metal  [3].  The  assumption  in  this  policy  is  diat  the  weld  metal  is  more  apt  to  have  defects 
such  as  porosity,  slag  entrapment,  lack  of  fusion  or  other  planar  and/or  volumetric 
discontinuities.  Overmatching  (using  higher  strength  weld  metal)  shields  these  defects 
from  plastic  strain  by  shunting  plasticity  into  the  lower  strength  baseplate.  The  baseplate 
material  is  generally  more  ductile  and  has  more  consistent  properties  and  fewer  defects, 
lessening  the  likelihood  of  fracture.  However,  as  the  strength  of  the  baseplate  steel 
increases,  overmatching  becomes  problematic.  Developing  weld  consumables  of  even 
higher  strength  while  retaining  good  weldability  and  toughness  is  difficult  and  expensive. 
Extensive  preheat  and  interpass  requirements  to  prevent  hydrogen  embrittlement  in  the 
higher  strength  consvunable  expend  time  and  energy.  Furthermore,  the  level  of  overmatch 
within  a  weld  system  is  not  assured  [4, 5].  Undermatch  welding  (using  lower  strength 
weld  consumable)  allows  lower  preheat  and  interpass  requirements  and  higher  heat 
inputs.  These  changes  increase  productivity  by  increasing  the  weld  metal  deposition  rate 
[6].  However,  undermatching,  unlike  overmatching,  does  not  protect  the  weld  from 
strain.  While  the  fracture  toughness  of  the  undermatched  consumable  may  be  better  than 
the  baseplate,  undermatching  focuses  strain  within  the  weld,  potentially  increasing  the 
risk  of  fracture. 

In  an  overmatched  system  the  lower  yield  baseplate  generally  shields  a  crack  from 
excessive  strain  thus  lowering  the  local  stress/strain  fields  and  crack  driving  force  (J). 


Conversely,  an  undermatched  system  will  concentrate  the  strain  within  the  weld  metal 
and  raise  the  local  stress/strain  fields  and  J  [7,  8,  9].  While  there  are  special  cases  where 
the  weld  joint  geometry  can  be  ignored  and  J  can  be  calculated  using  just  weld  metal  or 
base  metal  properties  [10],  in  most  cases  the  proximity  of  the  weld/base  metal  interface 
has  a  large  influence  on  crack  driving  force  [7-9].  This  is  expected  since  J  is  defined  as  a 
path  independent  contour  integral  [11].  Path  independence  of  J  is  lost  as  soon  as  the 
contours  are  calculated  across  the  weld/baseplate  interface.  Treatment  of  welded 
specimens  as  monolithic,  single  materials  certainly  invalidates  the  path  independence  of  J 
and  brings  into  question  the  validity  of  the  measurement. 

However,  treatment  of  welded  structures  and  specimens  using  just  weld  metal 
material  properties  and  ignoring  the  weld  geometry  has  been  shown  to  be  of  value  [12, 
13].  Still,  these  global  estimates  do  not  account  for  the  changes  in  stress  states  or 
variation  in  constraint  at  the  crack  tip  in  a  mis-matched  weld.  Various  authors  have  noted 
this  effect  and  determined  that  undermatching  increases  the  level  of  stress  triaxiality  or 
constraint  at  the  crack  while  overmatching  decreases  it  [14, 15].  Furthermore,  the 
geometry  of  the  welded  joint  and  proximity  of  the  crack  to  the  weld  fusion  line  also 
contribute  to  the  level  of  crack  tip  constraint  [15, 16, 17].  With  these  studies  in  mind  an 
investigation  of  the  fracture  behavior  of  undermatched  weld  systems  was  conducted 
using  short  crack  single  edge  notched  bend  specimens.  An  effort  was  made  to 
characterize  the  crack  driving  force  at  the  crack  tip  by  including  constraint  effects  of  the 
weld/baseplate  interface  and  any  local  plasticity  not  usually  account  for  in  typical 
analysis  of  short  crack  single  edge  notched  bend  specimens  [18, 19]. 
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Finite  element  models  of  the  test  weldments  in  this  study  were  constructed  to 
examine  the  crack  driving  force  and  the  effects  of  crack  proximity  to  the  fusion  line.  The 
weld  fusion  margin  characterizes  the  proximity  of  the  crack  to  the  weld/baseplate  fusion 
line  and  is  defined  as  the  ratio  of  crack  tip  distance  to  the  weld  fusion  line  (Lcrk)  to  the 
crack  length  (a),  Lcrk/a.  Prior  studies  have  indicated  that  crack  growth  resistance  behavior 
is  sensitive  to  this  ratio  (Lcrk/a)  [20].  Tregoning’s  study  [20]  indicated  that  as  the  weld 
fusion  margin  decreased,  constraint  increased,  driving  the  crack  growth  resistance  curve 
(J-R  curve)  down.  He  suggested  that  the  global  treatment  of  the  specimens  as  monolithic 
weld  metal  altered  the  resistance  curves  of  specimens  with  small  weld  fusion  margins  by 
not  including  the  effects  of  constraint  and  local  crack  tip  deformation.  Results  from 
Burstow  et  al.  [16]  seem  to  agree  with  Tregoning’s  assessment  and  show  that  self  similar 
stress  fields  forward  of  the  crack  tip  are  obtained  by  normalizing  the  load  parameter  by 
the  weld  height.  Other  authors  [12, 13]  have  shown  that  homogenous  equations  work  up 
to  J  levels  of  350  kJ/m^'  However,  above  this  level  error  in  the  fracture  toughness 
calculation  occurred.  This  study  examines  the  effects  of  both  constraint  caused  by  weld 
geometry  and  mis-match  level  and  determines  the  error  associated  with  using  global 
measurements  while  assuming  homogenous  weld  metal  properties. 

New  coefficients  (r|-factors)  are  developed  to  relate  the  crack  driving  force  at  the 
crack  tip  within  the  undermatched  weld  to  the  globally  measured  plastic  work  done  to  the 
specimen  during  testing.  Comparisons  of  specimen  analysis  using  these  t| -factors  and 
analysises  assuming  all  weld  metal  properties  in  a  homogenous  specimen  are  shown. 
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Weld  Production  and  Material  Characterization 


Joint  Design 

Two  standard  military  welding  consumables,  Mil-70s  and  Mil-1 00s,  were  used  to 
fabricate  four  two-inch  thick  weldments.  The  consumables  have  nominal  ultimate  tensile 
strengths  of  480  MPa  (70  ksi)  and  690  MPa  (100  ksi).  One  weldment  used  the  Mil-70s 
and  the  remaining  three  used  Mil-lOOs.  All  four  plates  used  typical  naval  steel,  HY-100, 
with  a  nominal  yield  strength  of  725  MPa,  creating  three  approximately  10% 
undermatched  and  one  38%  undermatched  weld  systems.  Specified  chemical 
compositions  for  these  three  materials  are  summarized  in  Table  land  are  given  in  more 
detail  in  references  21  and  22. 


C 

P 

S 

■M 

lEM 

wpm 

mm 

mm 

lESOIIi 

HY-100 

0.10- 

0.22 

0.10- 

0.45 

0.02 

.002- 

0.02 

2.67- 

3.57 

1.29- 

1.86 

0.27- 

0.63 

0.03 

0.02 

0.25 

0.025 

0.03 

0.025 

B 

— 

Mil-70s 

0.07- 

0.19 

0.90- 

1.40 

0.025 

0.035 

0.40- 

0.70 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

— 

Mil-lOOs 

0.08 

1.25- 

1.80 

0.012 

0.008 

0.20- 

0.55 

CM 

0.30 

B 

0.10 

0.10 

B 

B 

B 

B 

0.10 

0.10 

Table  1 

Specifled  Chemical  Composition 


Three  different  weld  joint  geometries  were  selected  for  study,  a  single  45°  vee 
with  no  root  gap,  a  single  45°  vee  with  a  1 .25-cm  root  gap  and  a  symmetric  double  60° 
vee  with  no  root  gap.  The  double  vee  joint  had  two  permutations,  one  38% 
undermatched  with  Mil-70s  and  the  second  1 1%  undermatched  with  Mil-lOOs.  The  four 
different  weld  systems  were  chosen  to  isolate  effects  of  weld  joint  undermatching  and 
study  the  concentration  of  deformation  within  the  weld  material.  Each  weldment  is 
summarized  in  Table  2  vvdth  the  weld  joint  geometry  shown  in  Figure  1 . 
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Weld 

Metal 

ID 

Geometry 

Root 

Gap 

Lcrk/a 

% 

Mismatch 

IB 

HBA 

Double  Vee 

1.35 

-38 

HBB 

Double  Vee 

None 

1.5 

-11 

HBC 

1 .25  cm 

0.75  /  3.3 

-6 

HBD 

None 

0.20  /  2.9 

-13 

Table  2 

Weldment  Parameters 


Figure  1 

Weld  Joint  Geometry 


Gas  metal  arc  welding  was  used  for  all  weldments  with  preheats  and  interpass 
temperatures  of  175°C.  Heat  inputs  for  the  Mil-70s  weld  ranged  from  2.5-2.75  kJ/mm 
and  heat  inputs  for  the  Mil-lOOs  welds  was  3.15  kJ/mm.  The  parameters  were  chosen  to 
create  consistent  weld  metal  properties  and  do  not  fall  within  the  allowable  ranges  for 
production  welds.  The  welds  were  flipped  regularly  during  production  to  alleviate 
residual  stresses  and  weldment  deformation  and  radiographs  were  taken  after  completion. 
Specimens  were  removed  from  areas  where  radiographs  showed  no  or  inconsequential 
indications. 
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Specimen  Removal  and  Weld  Characterization 

Charpy  V-notch  specimens  were  taken  transversely  (T-S  orientation)  from  both 
the  top  and  bottom  of  each  weld  with  the  notch  centered  within  the  weld  metal.  Testing 
was  conducted  in  accordance  with  ASTM  E23  [23]  to  compare  variability  among 
weldments  and  determine  upper  and  lower  transition  regions.  Within  the  transition 
region  a  minimum  of  five  specimens  were  tested  at  each  temperature.  Upper  and  lower 
shelf  energies  were  measured  with  three  specimens  at  each  temperature. 

A  minimum  of  four  0.505  inch  all  weld  tensile  specimens  were  removed  from 
each  weldment  (L  orientation),  two  from  the  weld  top  and  two  from  the  bottom. 
Specimens  from  the  root  gap  of  single  vee  weldments  were  removed  far  enough  away 
from  the  weld  surface  to  ensure  an  all  weld  specimen.  The  specimens  were  tested  in 
accordance  with  ASTM  E-8  [24]  at  — 2°C  to  provide  tensile  data  at  our  subsequent 
fracture  test  temperature. 

Six  short  crack  (a/W=0.15)  single  edge  bend  SE(B)  specimens  were  removed 
from  each  double  vee  weldment  in  the  T-S  orientation  with  the  notch  tip  centered  in  the 
weld  metal.  The  notches  on  the  six  specimens  were  located  so  that  the  crack  sampled 
material  from  the  top  side  of  the  weld  in  three  specimens  and  the  bottom  on  the 
remaining  three.  Ten  short  crack  SE(B)  specimens  were  removed  from  each  single  vee 
weldment  in  the  T-S  orientation  with  the  notch  tip  centered  in  the  weld  metal.  The 
notches  on  the  ten  specimens  were  located  so  that  the  crack  sampled  material  from  the 
top  side  of  the  weld  in  five  specimens  and  the  bottom  on  the  remaining  five. 
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Charpy  Testing 

Figure  2  contains  all  the  Charpy  V-notch  energies  (CVE)  from  each  weld 
specimen.  Plotted  are  the  means  for  each  temperature  and  bars  indicating  95%  confidence 
intervals.  The  plot  shows  limited  variability  of  the  Mil- 100s  consumable  within 
transition  and  lower  shelf  and  none  of  significant  statistical  importance.  Surprisingly,  the 
largest  inconsistency  occurs  at  upper  shelf  energy  values.  An  analysis  of  the  variance 
using  a  95%  confidence  criterion  shows  that  significant  statistical  difference  do  not  occur 
between  HBC  and  HBB  Mil-1 00s  welds  at  upper  shelf  CVEs.  The  Mil-70s  weld  metals 
shows  considerably  lower  CVE  at  all  temperature  except  upper  shelf  where  it  is 
equivalent  to  the  Mil-lOOs.  While  CVE  values  from  these  four  weldments  satisfy 
requirements  set  in  reference  [21],  past  testing  of  production  welds  indicates  that  upper 
shelf  behavior  should  occur  prior  to  0°C  [25]. 


Temperature  (°C) 

Figure  2 
Charpy  Data 
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Tensile  Testing 

Weld  tensile  testing  was  conducted  at  -2°C  to  provide  yield  and  ultimate  tensile 
strength  at  the  same  temperature  used  during  fracture  testing.  Table  3  summarizes  the 
reduction  in  area,  strain  to  failure  and  percent  undermatch  for  each  weldment. 


ID 

Reduction 
in  Area  (%) 

Oys 

(MPa) 

li 

(Tfl 

(MPa) 

%  Mismatch 

HBA 

29 

70 

450 

600 

525 

-38 

HBB 

26 

70 

645 

730 

687.5 

-11 

HBC 

25 

71 

680 

740 

710 

-6 

HBD 

27 

71 

630 

700 

665 

-13 

Table  3 

Basic  Tensile  Properties  of  Weldments 

Strain  was  recorded  past  maximum  load  for  all  specimens.  This  data  was  then  used  to 
generate  true  stress/strain  curves,  shown  in  Figure  3,  for  finite  element  analysis.  Portions 
of  the  curves  beyond  12%  true  strain  were  extrapolated  linearly  to  avoid  convergence 
problem  in  the  numerical  analysis.  The  HY-100  data  was  developed  from  compression 
tests  from  an  Office  of  Naval  Research  platform  structural  materials  program.  No  fiirther 
analysis  on  weld  joint  tensile  performance  was  conducted  as  a  previous  report  [20]  dealt 
extensively  with  weld  joint  strength  and  structural  performance. 
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1200 


Figure  3 

True  Stress/Strain  Data  Used  in  Finite  Element  Analysis 


Short  Crack  Single  Edge  Notched  Bend  Test  Procedures 

All  SE(B)  specimens  underwent  one  cycle  of  reverse  precompression  in  4  point 
bending  to  50%  of  limit  load  based  on  flow  properties  of  the  weld  metal.  Reverse 
precompression  homogenizes  crack  tip  residual  stress  fields  thereby  allowing  straight 
crack  fronts  to  grow  imder  cyclic  fatigue  loading.  This  technique  has  proven  effective  for 
the  T-S  orientation  in  previous  tests  [20]  and  resulted  in  consistently  straight  precracks  in 
this  test  series.  ASTM  1 820-96  requires  that  deviation  from  the  average  of  nine  physical 
precrack  length  measurements  be  less  than  5%.  For  short  crack  specimens,  a/W=0.15, 
this  requirement  is  overly  stringent  and  disqualified  precracks  with  a  deviation  greater 
than  0.4  mm  from  the  average.  Several  precracks  did  not  meet  this  strict  requirement. 

The  precrack  in  Figure  4  varied  by  6.5%  from  the  average  physical  measurement  and  is 
technically  invalid.  However,  analysis  of  thumbnailed  or  circular  arced  crack  fronts  with 
radii  equal  to  three  times  specimen  thickness  show  almost  constant  stress  intensity  (Ki) 
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values  along  the  crack  front  [26].  These  Ki  values  are  consistent  with  standard 
calculations  of  stress  intensity  using  straight  cracks  [27].  Therefore,  specimens  with 
precracks  exhibiting  shapes  consistent  with  the  above  statements  are  included  in  this 
study. 


Figure  4 

Precrack  with  Length  Deviations  Greater  than  ASTM  Specifications 

While  precompression  effects  on  toughness  have  been  shown  to  decrease  plane 
strain  fracture  toughness  (Kic)  [28, 29]  other  studies  indicate  that  this  method  [30]  as  well 
as  a  high  R  ratio  method  [3 1]  method  have  little  effect  on  toughness  if  ductile  tearing  is 
the  mode  of  failure.  All  specimens  in  this  study  exhibited  substantial  ductile  crack 
growth  negating  any  effect  induced  by  the  reverse  precompression.  Further,  since  all 
specimens  were  deformed  at  a  consistent  level  during  precompression  any  residual  stress 
effects  would  also  be  consistent  making  comparisons  appropriate. 

After  homogenization  of  residual  stresses  was  complete,  fracture  toughness 
testing  was  performed  in  accordance  with  reference  [32]  where  appropriate.  Single 
specimen  unloading  compliance  tests  where  conducted  on  a  computerized  data 
acquisitions  system  in  a  250  kN  screw  driven  test  frame.  A  compliance  equation  for 
short  crack  SE(B)  specimens  was  found  in  [19]  and  is  valid  for  0.05  ^  aAV  ^  0.45.  Joyce 
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has  shown  that  as  a/W  decreases,  limit  load  increases,  allowing  for  deeper  unloads  during 
testing  and  only  slightly  reducing  the  resolution  of  the  compliance  measurement  [33]. 
Loadline  displacement  (All)  was  measured  directly  on  the  specimen  via  a  flex  bar.  This 
method  avoids  errors  due  to  brinnelling  and  load  train  compliance  estimates. 


J  Estimation 

Several  authors  [18, 19, 34]  have  developed  equations  for  applied  J  in  a  short 
crack  SE(B)  specimen  with  the  general  format: 


T  t'  r 

J  —  + 


J 


^pKi)  ^ 


7./(.-l) 


1  1  *  ‘^(O 

1-Vi)  — 7 - 

0(1-1) 


(1) 


Where: 


K  =  the  elastic  stress  intensity  factor, 

E’  =  the  plane  strain  elastic  modulus, 

Api0)  =  the  area  under  the  load  versus  plastic  load  line  displacement  curve  at  increment  /, 
Bn  =  the  net  specimen  thickness, 
ai  =  the  crack  length  at  increment  i, 
bi  =  the  remaining  specimen  ligament  at  increment  /, 

W  =  the  specimen  width, 

Ppii  =  the  plastic  eta  factor  at  increment  i, 

Yi  =  the  gamma  function  at  increment  /. 


r,  = 


Vpu  -1- 


bjV'pu 

Wri,n 


(2) 


However,  their  analysis  assumed  a  monolithic,  homogeneous  material.  A  cracked 
specimen  composed  of  more  than  one  material  is  not  defined  solely  by  the  geometry  of 
the  specimen  or  depth  of  the  crack.  Crack  tip  stress  fields  are  also  controlled  by  both 
weld  geometry  and  degree  of  mismatch  [13-15].  Furthermore,  it  has  been  shown  that  the 
distance  from  the  crack  tip  to  the  weld/baseplate  interface  has  a  pronounced  effect  on 
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crack  tip  stresses  [15-17].  Typical  test  procedures  and  analysis  do  not  account  for  the 
increased  driving  force  created  at  the  crack  tip  as  the  baseplate  metal  constrains  the 
deformation  within  the  weld.  Prior  work  has  shown  that  homogenous  J  equations  are 

accurate  for  J  *  350  kJ/m^  [12, 13].  However,  above  this  level  dramatically  different 

tearing  resistance  behaviors  have  been  observed  due  to  the  inability  of  the  homogenous 
analysis  technique  to  account  for  the  crack  tip  local  plasticity  [20]. 

Gordon  and  Wang  [13]  developed  ripi-factors  for  straight  butt  weld  deep  crack 
SE(B)  specimens  (aAV=0.5)  with  weld  height  to  width  ratios,  shown  in  Figure  5,  ranging 
from  0.05  to  2. 


Figure  5 

Weld  Joint  Defined  by  Gordon  and  Wang  [13] 


They  determined  that  at  h/W  values  greater  than  one  and  also  at  very  low  values 
of  weld  joint  height  (h/W<0.25)  specimen  behaved  independent  of  h/W.  And  that  T|pi 
approached  values  similar  to  homogenous  all  weld  specimen  or  all  baseplate  specimens  at 
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these  values  of  h/W.  Between  these  limiting  values  T|pi  increased  for  imdermatched  welds 
and  decreased  for  overmatched.  However,  Gordon  and  Wang  concluded  that  for  deeply 
cracked  welded  specimens  the  variation  in  T|pi  between  weld  joint  heights  of 
0.25<hAV<l,  still  provided  reasonable  estimations  of  J  to  within  10%. 

Several  authors  [33, 34, 35, 36]  have  studied  crack  length  and  work  hardening 
effects  on  homogenous  SE(B)  specimens.  They  determined  that  for  short  cracks,  work 
hardening  played  a  major  role  in  the  calculation  of  J  using  r|pi-factors.  It  is  apparent  that 
for  short  crack  bend  specimens,  each  combination  of  mismatch  level,  Lcrk/a,  and 
hardening  characteristics  must  be  taken  into  account  for  a  correct  estimation  of  crack 
driving  force.  To  accomplish  this  finite  element  models  were  constructed  to  correct  for 
the  local  plasticity  or  crack  tip  deformation  not  accounted  for  with  standard  analysis 
techniques.  New  plastic  r| -factors  were  calculated  for  Equation  1,  accounting  for  weld 
mis-match,  crack  length  and  weld  fusion  margin  effects. 

Finite  Element  Model  Verification 

The  commercial  finite  element  package,  ABAQUS,  was  used  to  calculate  plastic 
J-Integral  solutions  for  lengths  ranging  from  a/W  of  0.10  to  0.30.  A  typical  model  has 
1000  to  1500  eight  noded  pleiin  strain  reduced  integration  elements  with  15  to  20 
elements  along  the  two-inch  width  of  the  specimen.  Mesh  studies  indicated  that  a 
minimum  of  10  elements  is  required  to  capture  variation  in  strain  along  the  width  of  the 
specimen.  Half  symmetry  was  used  to  reduce  modeling  and  computing  times.  As  shown 
in  Figure  6,  loading  was  accomplished  by  applying  displacement  to  two  nodes  at  the 
specimen  top  surface  along  the  symmetry  plane  and  by  simply  supporting  one  node  at  the 
half  span  of  the  specimen.  A  symmetry  bovmdary  condition  was  applied  to  the  elements 
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along  the  remaining  ligament  in  the  same  plane  that  contained  the  crack.  A  keyhole  with 
a  0.0127-mm  (0.0005-inch)  radius,  shown  in  Figure  7  is  used  to  model  the  crack. 
Typically,  forty  to  sixty  radial  rings  of  elements  surround  the  crack  tip,  gradually 
increasing  in  size  from  0.00635-mm  (0.00025-inch)  at  the  keyhole  to  1.27-mm  (0.05- 
inch)  at  the  last  ring.  Each  ring  contained  24  elements  dispersed  equally  around  the 
keyhole.  All  nodes  along  the  keyhole  radius,  with  the  exception  of  the  one  node  that  was 
on  the  symmetry  plane,  were  imconstrained  to  simulate  blunting  behavior.  J  values  were 
calculated  at  between  15  to  30  contours  to  ensure  path  independence  was  maintained. 


Figure  6 

Loading  and  Mesh  Design 


14 


Figure  7 
Crack  Tip  Mesh 


Mesh  Verification 

The  accuracy  of  the  finite  element  model  and  data  reduction  techniques 
were  verified  by  reproducing  accepted  solutions  for  homogenous  SE(B)s.  Three  linear 
elastic  finite  element  models  (a/W=  0.15,  0.20, 0.30)  were  displaced  to  a  loadline 
displacement  of  1 .27  mm.  Load  (P)  and  elastic  J-Integral  (Jei)  values  were  computed  at 
the  end  of  each  loading.  The  normalized  compliances  (BE'C)  predicted  from  this 
analysis  display  little  deviation  from  the  predicted  handbook  values  [37].  This  result 
confirms  that  the  model  boundary  conditions  correspond  to  three  point  bending  boundary 
conditions. 

To  ensure  that  the  mesh  was  suitable  for  fracture  analysis,  Jei  values  were 
compared  with  values  calculated  by  Tada  [37].  Jei  is  defined  as: 

Jei  =  ^  Where  K  =  (3) 
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In  Equation  3,  F(a/W)  is  a  geometry  dependent  function  of  normalized  crack  length,  a  is 
the  remote  stress  and  a  is  the  crack  length.  While  Jei  can  be  determined  with  a  relatively 
coarse  mesh,  gross  variation  in  values  from  the  reference  values  would  indicate  a 
problem  with  crack  definition  or  boundary  conditions.  Variations  with  handbook  values 
were  less  than  1%  for  all  three  crack  lengths. 

Mesh  refinement  and  crack  tip  geometry  were  verified  by  comparison  of  T|pi  with 
published  results  from  references  18  and  33.  Loading  and  boundary  conditions  for  all 
three  models  were  maintained  the  same  as  in  the  previous  elastic  analysis.  However,  the 
plastic  response  of  the  models  was  defined  by  a  Ramberg-Osgood  stress/strain 
relationship  (ays=700  Mpa,  n=10,  a=0.5).  Elements  at  the  support  and  point  of  load 
application  were  defined  as  elastic  to  distribute  displacements  evenly  and  save 
computational  time.  Each  loading  was  separated  into  20  steps.  At  each  step,  load,  load- 
line  displacement  and  J-Integral  values  were  determined  and  the  plastic  area  (Api)  and  Jpi 
calculated.  Api  is  defined  by: 


and 


(4) 


pi  ~  total 


-J. 


(5) 


Where  Jei  was  found  using  Equation  3 
The  plastic  eta  factor,  Tipi,  is  defined  as: 


If  Jpi  is  normalized  by  the  flow  stress  (gq)  and  remaining  ligament  (b)  and  Api  normalized 
by  the  net  thickness  (Bn),  b  and  ao,  then  r|pi  can  be  determined  by  the  slope  of  the 
normalized  Jpi  vs.  Api  curve. 


^pi 


£iL 

b(yo 


(7) 


The  normalized  values  of  Jpi  and  Api  are  plotted  for  a/W=0.3  in  Figure  8.  A  comparison 
(Table  4)  of  the  analyses  with  Sumpter  [18]  who  used  the  same  Ramberg-Osgood 


stress/strain  coefficients  and  Joyce  [33]  who  used  piecewise  linear  data  from  actual  HY- 


100  tensile  tests,  confirms  that  the  crack  tip  geometry,  mesh  refinement  and  data 


reduction  techniques  used  are  suitable  and  consistent. 


0.000  0.005  0.010  0.015  0.020 

Figure  8 

Tipi  Analysis  in  SE(B)  at  aAV=0.30 
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0.15 

0.2 

0.3 

Sumpter 

1.34 

1.54 

2 

Joyce 

1.6 

1.82 

1.89 

Mercier 

1.36 

1.62 

2.06 

Table  4 

T)pi  Factors  for  Monolithic,  Homogenous  Specimen 


J  Analysis  of  Weldment  Specimens 


ID 

Geometry 

%  Mismatch 

HBA 

Double  V 

1.35 

-38 

HBB 

Double  V 

1.5 

-11 

HBC 

■MEM 

3.3  /  0.75 

-6 

HBD 

2.9/ 0.2 

-13 

Table  5 

Weldment  Geometry  and  Mismatch  Level 


Once  the  finite  element  mesh  was  verified  as  accurate  the  models  where  redefined 
to  include  joint  geometry  and  both  weld  and  baseplate  material  properties.  Table  5  shows 
the  weld  geometry,  weld  fusion  margin  and  percent  mismatch  for  the  four  weldments  in 
this  study.  Plastic  t) -factors  were  developed  for  each  unique  weldment  and  joint  design. 
These  new  plastic  ri -factors  were  then  incorporated  into  an  in  house  analysis  code  using 
linear  curve  fits  to  generate  crack  growth  resistance  data.  The  new  curve  fits  are  shovm 
in  Figure  9.  All  ripi  values  of  models  with  a  weld  fusion  margin  less  than  1.5  were 
elevated  above  the  homogenous  (Sumpter)  weld  metal  ripi.  Models  with  larger  fusion 
margin  values  will  show  little  deviation  from  the  homogenous  weld  metal  results. 

Models  at  aAV=0.30  had  converged  at  ripi»2.0  where  they  agreed  with  homogenous 


results.  However,  the  severity  of  the  weld  fiision  margin  in  weldment  HBD  (0.2) 
immediately  placed  T|pi  above  2.0  and  increased  until  a/W=0.3.  Further,  results  for 
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weldment  HBB  and  the  wide  sides  of  welds  HBC  and  HBD  were  nearly  identical  to  the 
homogenous  weld  metal  results  of  Sumpter  and  are  plotted  as  HBB/Sumpter  in  Figure  9. 

Therefore,  for  these  geometries  (Lcrk/^1.5)  Sumpter’s  third  degree  polynomial 
expression  is  used  in  the  subsequent  analysis. 


Figure  9 

Curve  Fits  of  TippFactors  for  Undermatched  Welds 


Results  and  Discussion 

J  values  were  calculated  for  each  specimen  where  the  weld  fusion  margin  was  less 
than  1 .5  using  both  the  t| -factors  from  reference  1 8  and  the  T|-values  from  Figure  9. 
Comparisons  of  crack  growth  resistance  and  initiation  were  then  made  between  the  two 
separate  analysises.  Finally,  initiation  toughness  and  crack  growth  resistance 
comparisons  were  made  on  various  levels  of  weld/baseplate  mis-match  and  Lcrk/a  to 
study  the  effects  of  undermatching  and  joint  geometry  respectively. 
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Due  to  the  steep  slope  of  the  initial  portion  of  the  J-R  curves  in  these  specimens, 
slight  changes  in  initial  estimated  crack  lengths  (aoq)  result  in  relatively  large  changes  in 
the  calculated  value  of  Jic.  These  changes  can  be  well  within  limits  defined  by  reference 
32  and  still  provide  unacceptable  changes  in  initiation  toughness  estimates.  For  example, 
a  change  in  initial  crack  length  of  1%  in  specimen  HBA-5  from  7.75  to  7.67  mm  results 
in  a  25%  change  in  Jic.  To  avoid  large  inaccuracies  in  comparisons  between  analysis 
techniques,  care  was  taken  to  set  the  initial  crack  length  as  close  to  the  physically 
measured  length  as  possible.  This  length  was  then  maintained  for  each  subsequent 
analysis. 

Effect  of  Lcrk/a  on  Initiation  Toughness  and  the  J~R  Curve 

The  first  weldment  analyzed  by  both  homogenous  and  local  plasticity  methods 
was  HBA,  Mil-70s,  double  vee  with  a  weld  fusion  margin  of  1.35.  Six  specimens,  three 
from  each  side  of  the  double  vee,  were  analyzed  first  using  homogenous  weld  metal 
properties,  then  reanalyzed  accounting  for  driving  force  missed  by  the  global 
homogenous  analysis.  Since  the  mis-match  level  is  high  (-38%),  extra  strain  will  be 
funneled  into  the  weld  metal  and  not  be  accounted  for  by  the  homogenous  analysis. 

Figure  10  shows  results  from  the  two  analyses  and  95%  confidence  limits  based  on  a 
power  law  fit  through  all  specimen  data  points  from  each  analysis.  Clearly  at  this  level  of 
mis-match  and  weld  fusion  margin  the  amount  of  driving  force  missed  by  the 
homogenous  weld  metal  analysis  is  minimal.  A  slight  increase  in  crack  growth  resistance 
can  be  noted.  However,  the  additional  effort  required  to  determine  this  increase  is  not 
trivial  and  may  only  be  of  interest  to  an  experimentalist. 
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Figure  10 

Crack  Growth  Resistance  Curve  for  Weldment  HBA 


ID 

Location 

Analysis 

JiC 

(Ibs/in) 

imQiiiii 

Valid 

Comments 

HBA-1 

TOP 

Homogenous 

2502 

438 

YES 

HBA-1 

TOP 

Local  Plasticity 

2775 

486 

YES 

HBA-2 

TOP 

Homogenous 

3252 

569 

YES 

HBA-2 

TOP 

Local  Plasticity 

3645 

638 

NO 

Invalid  Thickness 

HBA-3 

TOP 

Homogenous 

3013 

527 

YES 

HBA-3 

TOP 

Local  Plasticity 

3337 

584 

NO 

Invalid  Thickness 

HBA-4 

BOTTOM 

Homogenous 

250 

44 

NO 

Valid  Je 

HBA-4 

BOTTOM 

Local  Plasticity 

250 

44 

NO 

Valid  Jc 

HBA-5 

BOTTOM 

Homogenous 

1675 

293 

YES 

HBA-5 

BOTTOM 

Local  Plasticity 

1848 

323 

YES 

HBA-6 

BOTTOM 

Homogenous 

2623 

459 

YES 

HBA-6 

BOTTOM 

Local  Plasticity 

2810 

492 

YES 

Excluding  HBA-4 

Average 

TOP 

Homogenous 

2922 

511 

S.Dev. 

67 

Average 

TOP 

Local  Plasticity 

3252 

569 

S.Dev. 

77 

Average 

BOTTOM 

Homogenous 

2149 

376 

S.Dev. 

117 

BOTTOM 

Local  Plasticity 

2329 

408 

S.Dev. 

119  ^ 

f 

Table  6 

Initiation  Toughness  Values  for  Weldment  HBA 


Initiation  values,  shown  in  Table  6,  vary  depending  on  specimen  location  (top  or 
bottom  of  weld).  However,  the  significance  of  this  difference  is  difficult  to  quantify  with 
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so  little  data.  Jic  is  elevated  approximately  10%  if  local  plasticity  is  accounted  for  in  the 
calculation  of  J.  As  with  the  crack  growth  resistance  behavior,  the  extra  effort  required  to 
include  local  plasticity  in  the  Jjc  calculation  may  not  be  of  value. 

Four  of  the  six  tests  in  this  series  experienced  crack  growth  instabilities  ending 
the  test.  While  three  of  these  specimens  had  considerable  ductile  growth  prior  to  failure, 
specimen  HBA-4  experienced  unstable  growth  after  only  0.03  mm  of  crack  extension  and 
was  excluded  from  calculations  of  average  Jjc  values.  Zhang  et  al.  [38]  has  shown  that 
cleavage  failure  in  multi-pass  Mil-70s  welds  is  governed  by  a  brittle  fusion  line  band  that 
forms  between  each  welding  pass.  Zhang  et  al.  used  stereo  section  fractography  to 
determine  the  cleavage  initiation  site  and  show  the  underlying  microstructure  related  to 
that  site.  They  defined  microstructural  zones  present  in  multi-pass  weldments  and 
illustrated  the  inherent  inhomogeneity  associated  with  a  single  weld  bead.  These  zones 
range  from  a  coarse  columnar  region  that  resembles  a  casting  to  several  different  heat 
affected  zones  whose  properties  depend  on  maximum  temperature  and  cooling  rates. 

One  or  more  of  these  zones  may  act  as  a  brittle  region  or  weak  link  within  the 
surrounding  microstructure.  As  the  crack  samples  this  brittle  area,  cleavage  initiation  is 
triggered.  The  distance  between  the  end  of  the  fatigue  crack  and  this  brittle  band 
determines  the  amount  of  ductile  crack  growth. 

The  second  weldment  studied  was  HBC,  Mil-1 00s,  single  vee  'with  weld  fiision 
margins  of  0.75  and  3.3.  Ten  specimens,  5  from  the  wide  side  of  the  single  vee 
(Lcrk/a=3.3)  and  5  from  the  narrow  side  (Lcrk/a=0.75)  were  analyzed  as  previously 
explained.  Figure  1 1  shows  the  results  from  both  homogenous  analysis  and  the  local 
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plasticity  analysis  of  the  narrow  side  of  the  weld.  Again  95%  confidence  intervals  are 
shovm  for  each  data  set. 
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Figure  11 

Crack  Growth  Resistance  Curves  for  Weldment  HBC 

Clearly,  the  local  plasticity  analysis  shifts  the  low  weld  fusion  margin  data  onto 
the  larger  weld  fusion  margin  curve.  In  fact,  the  confidence  limits  for  both  sets  are 
virtually  identical  until  J>1000  kJ/m^.  However,  the  homogenous  weld  metal  analysis 
confidence  limits  deviates  immediately  and  would  indicate  two  separate  material 
behaviors  based  on  specimen  location  or  a  large  increase  in  crack  tip  constraint  resulting 
in  a  depressed  resistance  curve  prior  to  initiation.  The  local  plasticity  confidence  limits 
generously  overlaps  the  large  weld  fusion  margin  data  well  beyond  initiation.  This  would 
indicate  one  material  behavior  for  this  weldment  and  little  or  no  effect  from  additional 
crack  tip  constraint. 

Table  7  contains  initiation  values  for  weldment  HBC  using  both  the  homogenous 
weld  metal  and  local  plasticity  for  the  small  weld  fusion  margin  and  homogenous  only 


■ -  Lj.^a=3.3,  Homogenous  Weld  Metal  Analysis. 

-  —  Lcrt/a=0.75,  Homogenous  Weld  Metal  Analysis 
Lc^a=0.75,  Local  Plasticity  Analysis 


Lines  are  95%  Confidence  Intervals. 
Single  Vee,  6%  Undermatch  (HBC) 


O  L^a=3.3.  Homogenous  Weld  Metal  Analysis  . 
V  Lj.rt/a=0.75,  Homogenous  Weld  Metal  Analysis 
□  Lcrtc/a=0.75,  Local  Plasticity  Analysis 
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for  the  larger  fusion  margin.  Comparisons  of  the  two  homogenous  analyses  would 
indicate  two  separate  material  behaviors  based  on  specimen  location  in  the  weld.  The 
difference  in  initiation  behavior  between  the  two  homogenous  analyses  is  significant  at 
the  95%  confidence  level.  While  comparisons  of  the  smaller  weld  fusion  margin  analysis 
accounting  for  localized  plasticity  and  the  large  weld  fusion  margin  homogenous  analysis 
show  variations,  these  variations  are  not  statistically  significant  at  the  same  level. 

Accounting  for  local  plasticity  elevates  the  average  initiation  toughness  value  by  slightly 

) 

more  than  25%.  This  could  have  a  significant  influence  on  structural  design  since  the 
uncorrected  value  is  unduly  conservative. 


ID 

Location 

Analysis 

Jic 

(Ibs/in) 

mSSuBm 

Valid 

Comments 

HBC-1 

Wide 

Homogenous 

2697 

472 

YES 

HBC-2 

Wide 

Homogenous 

2880 

504 

YES 

HBC-3 

Wide 

Homogenous 

2785 

487 

YES 

HBC-4 

Wide 

Homogenous 

2516 

440 

YES 

• 

HBC-5 

Wide 

Homogenous 

2570 

450 

YES 

HBC-6 

Narrow 

Local  Plasticity 

1712 

300 

YES 

HBC-6 

Narrow 

Homogenous. 

1392 

244 

YES 

HBC-7 

Narrow 

Local  Plasticity 

1902 

333 

YES 

HBC-7 

Narrow 

Homogenous 

1589 

278 

YES 

HBC-8 

Narrow 

Local  Plasticity 

1913 

335 

YES 

HBC-8 

Narrow 

Homogenous 

1683 

295 

YES 

HBC-9 

Narrow 

Local  Plasticity 

2024 

354 

YES 

HBC-9 

Narrow 

Homogenous 

1432 

251 

YES 

HBC-10 

Narrow 

Local  Plasticity 

3279 

574 

YES 

HBC-10 

Narrow 

Homogenous 

2443 

428 

YES 

Average 

Wide 

Homogenous 

2690 

471 

S.Dev. 

26 

Average 

Narrow 

Local  Plasticity 

2166 

379 

S.Dev. 

111 

Narrow 

1708 

299 

S.Dev. 

75 

Table  7 

Initiation  Toughness  Values  for  Weldment  HBC 


All  of  the  HBC  specimens  in  this  study  failed  unstably  after  significant  ductile 
growth.  This  is  not  unexpected  given  the  results  from  Zhang  et  al.  discussed  previously. 
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Typically  more  than  3.5  mm  of  crack  extension  occurs  prior  to  failure.  The  data  appears 
to  suggest  that  for  smaller  weld  fusion  margins  the  propensity  for  unstable  failure 
increases.  However,  an  analysis  of  the  variance  between  the  amount  of  ductile  growth 
prior  to  cleavage  failure  shows  no  statistical  significance  at  the  95%  confidence  level. 


Figure  12 

Crack  Growth  Resistance  Curves  for  Weldment  HBD 

Weldment  HBD,  Mil-lOOs,  single  vee  with  weld  fusion  margins  of  2.9  and  0.2, 
was  investigated  next.  Figure  12  show  the  two  analyses  with  confidence  intervals  for  this 
weldment.  Two  remarks  can  easily  be  made  from  this  plot.  First,  after  accounting  for  the 
local  plasticity  the  tearing  modulus  for  the  narrow  side  is  still  lower.  While  variation  in 
tearing  resistance  between  weld  sides  is  not  unlikely  given  the  differences  in  cooling 
rates  during  welding,  residual  stress  variation  across  the  plate  thickness  and  local 
microstructural  variation  between  weld  beads  is  a  more  probable  explanation  than  the 
increased  crack  tip  constraint.  In  a  typical  short  crack  bend  specimen,  global  tensile 
stress/strain  fields  near  the  front  face  allow  the  local  crack  tip  fields  to  relax  and  interact 
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with  the  free  surface.  A  schematic  of  the  plastic  zone  shapes  in  both  deep  and  short  crack 
SE(B)  specimens  is  shown  in  Figure  13. 


Schematic  of  Plasticity  in  Deep  and  Short  Cracked  SE(B)  Specimens  (from  [40]) 
This  quickly  lowers  constraint  at  higher  deformation  levels  resulting  is  strains  and 
stresses  no  longer  defined  by  a  single  parameter  such  as  J  [39].  Short  crack  or  low 
constraint  specimens  have  more  plasticity  and  lower  stresses  at  equivalent  deformation 
(J)  levels  than  higher  constraint  specimens.  This  additional  plastic  strain  influences  the 
measured  applied  J  and  raises  the  crack  growth  resistance  curve.  This  increase  in  tearing 
resistance  has  been  shown  in  many  experimental  and  numerical  studies  [19, 20, 40, 41] 
and  is  expected  in  homogenous  specimens.  However,  as  the  higher  strength  baseplate 
impinges  on  the  crack  tip  stress/strain  fields  and  forces  the  plasticity  away  from  the  front 
face,  plasticity  within  a  short  crack  SE(B)  approaches  the  fields  exhibited  by  deeply 
cracked  specimens.  Figure  14  clearly  shows  the  influence  of  the  high  strength  baseplate 
containing  the  weld  metal  plasticity  and  funneling  it  though  the  specimen  ligament.  The 
plastic  fields  in  this  short  crack  specimen  are  now  clearly  highly  constrained  and  more 
closely  resembles  the  deep  crack  plastic  zone  shape  illustrated  in  Figure  13.  Therefore, 
using  short  crack  homogenous  equation  to  calculate  J  plainly  is  in  error  and  the  new  ppl 
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formulation  will  provide  a  more  accurate  representation  of  the  actually  J-R  behavior  in 
this  specimen. 
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Figure  14 

Finite  Element  Equivalent  Plastic  Strain  Results  for  aAV=0.15  SE(B)  Specimen  with 
13%  Undermatched  Single  Vee  Weld  (HBD),  Notch  is  in  Narrow  Side  of  Weld 


Another  discrepancy  that  occurs  using  the  standard  homogenous  equations  is  in 
the  formulation  of  y  in  Equation  2  (repeated  below).  The  third  degree  polynomial  used  to 


create  Sumpter’s  r| -factor  fit  may  cause  some  of  the  deviation  between  the  lower 
constrained  (higher  J-R  curve)  and  the  localized  plasticity  curves  shown  in  Figure  12. 
Sumpter’s  polynomial  fit  for  tipl,  shown  in  Figure  9  on  page  19,  results  in  strongly 


negative  y  factors  thereby  raising  J  values  calculated  in  Equation  1  (repeated  below)  and 


the  resistance  curve.  Figure  15  shows  the  results  of  Equation  2  using  the  qpi-factors 
defined  in  Figure  9. 
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The  curve  for  Sumpter’s  fit  begins  at  -4,  quickly  rises  to  -2,  then  begins  to 
decreases  again  before  jumping  to  positive  1  at  a/W=0.282.  While  nothing  in  the 
mathematics  in  Equation  2  specifies  that  the  y-function  should  be  continuous,  physically 
the  jump  in  the  Sumpter  formulation  is  inconsistent.  The  sudden  jump  and  sign  change  in 
Sumpter’s  y  would  mean  that  at  a  crack  length  of  aAV=0.282,  the  change  in  Jpi  for  an 
increment  of  crack  growth  would  also  change  dramatically.  The  y-factors  for  the 
weldments  gradually  increase  linearly  as  a/W  increases  with  no  sudden  discontinuities. 
While  the  discontinuity  in  Sumpter’s  y  is  troubling,  none  of  the  welded  specimens  reach 
a/W=0.282  prior  to  test  conclusion.  Regardless,  the  disparity  between  y-fimctions  in  the 
two  analysises  may  cause  some  of  the  divergence  in  J-R  curves  at  higher  J  levels. 

The  homogenous  analysis  uses  Sumpter’s  t|  and  y-factors,  while  the  local 
plasticity  analysis  uses  the  results  from  the  finite  element  analysis.  It  is  clear  from 
Equation  1  that  negative  y  values  will  increase  J  for  an  increment  of  crack  grovvdh  and 
positive  values  will  lower  J.  This  will  either  raise  or  lower  the  tearing  resistance  results, 
respectively.  Sumpter’s  y-factor  is  highly  negative  throughout  the  range  of  a/W  exhibited 
in  the  specimens  tested,  while  the  local  plasticity  y-factor  is  positive.  Therefore,  for  each 
increment  of  crack  extension,  J  is  adjusted  up  by  Sumpter’s  y-factor  in  the  homogenous 


analysis  and  adjusted  down  slightly  by  the  local  plasticity  analysis  y-factor.  While  these 
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slight  adjustments  are  not  the  root  cause  of  the  differences  in  tearing  resistance  they  are  a 
contributing  factor. 
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Figure  15 

y-Factors  from  Tjpi-Factors  in  Figure  9 

The  second  remark  is  illustrated  better  by  Figure  16.  This  plot  shows  that  up  to 
initiation  (J*500  kJ/m^)  the  local  plasticity  values  are  close  to  the  values  from  the  wide 

side  of  the  weldment,  resulting  in  consistent  initiation  values.  Initiation  values,  shown  in 
Table  8,  generated  from  the  homogenous  approach  deviate  quickly  and  erroneously 
produce  lowered  values.  As  in  weldment  HBC,  if  only  homogenous  weld  metal 
properties  are  used  in  the  analysis,  the  results  would  indicate  two  separate  behaviors  near 
initiation.  However,  once  the  local  deformation  near  the  crack  tip  is  included,  no 
statistical  significance  can  be  associated  with  the  differences  at  and  aroimd  initiation. 
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These  results  are  consistent  with  other  published  reports  that  Jic  values  are  relatively 
insensitive  to  constraint  conditions  at  the  crack  tip  [42]. 


Aa  (mm) 

Figure  16 

Crack  Growth  Resistance  Curves  Near  Initiation  for  Weldment  HBD 


ID 

Location 

Analysis 

Jic 

(Ibs/in) 

kSBISm 

Valid 

Comments 

HBD-1 

Wide 

Homogenous 

5853 

1024 

NO 

Invalid  Thickness 

HBD-2 

Wide 

Homogenous 

3832 

671 

YES 

HBD-3 

Wide 

Homogenous 

3797 

664 

YES 

HBD-4 

Wide 

Homogenous 

2772 

485 

YES 

HBD-5 

Wide 

Homogenous 

3141 

550 

YES 

HBD-6 

Narrow 

Local  Plasticity 

2478 

434 

YES 

HBD-6 

Narrow 

Homogenous 

1470 

257 

YES 

HBD-7 

Narrow 

Local  Plasticity 

2100 

368 

YES 

HBD-7 

Narrow 

Homogenous 

1159 

203 

YES 

HBD-8 

Narrow 

Local  Plasticity 

3609 

632 

YES 

HBD-8 

Narrow 

Homogenous 

1904 

333 

YES 

HBD-9 

Narrow 

Local  Plasticity 

2778 

486 

YES 

HBD-9 

Narrow 

Homogenous 

1841 

322 

YES 

HBD-1 0 

Narrow 

Local  Plasticity 

1809 

317 

YES 

HBD-1 0 

Narrow 

Homogenous 

1266 

222 

YES 

HBD-1  Excluded 

Average 

Wide 

Homogenous 

3386 

592 

S.Dev. 

91 

Average 

Narrow 

Local  Plasticity 

2555 

447 

S.Dev. 

122 

Narrow 

1528 

267 

S.Dev. 

59 

Table  8 

Initiation  Toughness  Values  for  Weldment  HBD 
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All  of  the  low  weld  fusion  margin  HBD  specimens  in  this  study  failed  due  to 
unstable  growth  after  significant  ductile  crack  growth.  Typically  more  than  2  mm  of 
crack  extension  occurs  prior  to  failure.  Only  one  specimen  with  a  larger  weld  fusion 
margin  failed  prior  to  test  conclusion.  The  remaining  four  tests  exhibited  an  average 
crack  growth  of  more  than  5.0  mm.  The  results,  shown  in  Table  9,  suggest  that  for 
smaller  Lcrk/a  the  propensity  for  imstable  failure  increases.  Further,  an  analysis  of  the 
variance  between  the  amount  of  ductile  growth  prior  to  cleavage  failure  or  test  conclusion 
shows  statistical  significance  at  the  95%  confidence  limits.  Some  of  the  variation  can 
easily  be  attributed  to  the  increased  stress  triaxiality  in  the  small  weld  fusion  margin 
Unstable  fracture  is  a  stress  driven  event  and  as  crack  tip  plasticity  is  constrained, 
stresses,  including  opening  mode  or  principal  stresses,  increase.  Obviously,  factors  other 
than  fusion  line  proximity  and  constraint  level  influence  this  tendency  toward  unstable 
failure  [38].  Local  weld  bead  microstructure  at  the  crack  tip  could  cause  local  brittle 
zones  that  only  specimens  from  the  narrow  side  of  the  weld  would  sample  resulting  in  the 
data  shown  in  Table  9.  Further  investigation  would  be  required  to  determine  what  factors 
determine  the  amount  of  ductile  crack  growth  prior  to  instability.  Moreover,  as 
mentioned  in  the  discussion  of  Charpy  results  (Figure  2  on  page  7),  these  welds  are  not 
typical  production  welds  and  have  a  significantly  higher  transition  temperature. 

Production  welds  would  be  on  upper  shelf  at  the  test  temperature  and  fully  ductile 
behavior  would  be  expected. 
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ID 

Location 

Aa  (mm) 

Fracture 

Mode 

HBD-1 

Wide 

4.0 

Cleavage 

HBD-2 

Wide 

5.1 

DNF 

HBD-3 

Wide 

5.4 

DNF 

HBD-4 

Wide 

6.1 

DNF 

HBD-5 

Wide 

6.4 

DNF 

HBD-6 

Narrow 

2.2 

Cleavage 

HBD-7 

Narrow 

2.4 

Cleavage 

HBD-8 

Narrow 

3.1 

Cleavage 

HBD-9 

Narrow 

0.8 

Cleavage 

HBD-10 

Narrow 

2.7 

Cleavage 

Average 

Wide 

5.4 

0.94 

Average 

Narrow 

2.2 

0.89 

DNF  =  Did  Not  Fail 

Table  9 

Amount  of  Ductile  Crack  Growth  Prior  to  Failure  or  Test  Completion 
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Figure  17 

Crack  Growth  Resistance  Curves  for  Weldment  HBB 


The  final  weldment  analyzed  was  HBB  (Mil- 100s,  double  vee,  11%  Undermatch, 


Lcrk/a=l  .5).  Figure  17  is  a  plot  of  the  six  resistance  curves  from  weldment  HBB,  three 


specimens  from  each  side  of  the  double  vee  weld.  Only  the  homogenous  weld  metal 


analysis  was  preformed  on  this  weldment  since  Lcrk/a  was  relatively  large  (1.5)  and  the 
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undermatching  level  low  (-11%).  Initiation,  shown  in  Table  10,  and  tearing  modulus 
from  both  sides  of  the  weldment  are  consistent. 


ID 

Location 

Analysis 

Jic 

(Ibs/in) 

W^Sm 

Valid 

Comments 

HBB-1 

TOP 

Homogenous 

3000 

525 

YES 

HBB-2 

TOP 

Homogenous 

3436 

601 

YES 

HBB-3 

TOP 

Homogenous 

3526 

617 

YES 

HBB-4 

BOTTOM 

Homogenous 

2785 

487 

YES 

HBB-5 

BOTTOM 

Homogenous 

3517 

615 

YES 

HBB-6 

BOTTOM 

Homogenous 

2306 

404 

YES 

Average 

TOP 

Homogenous 

3321 

581 

S.Dev. 

49 

BOTTOM 

ISBBWfBBCTIS 

3048 

533 

S.Dev. 

107 

Table  10 

Initiation  Toughness  Values  for  Weldment  HBB 


Error  Estimation  of  Homogenous  Anaiysis 

Neglecting  the  contribution  of  local  plasticity  and  increased  constraint  to  Jpi 
results  in  an  under  estimation  of  J.  Figure  1 8  depicts  the  level  of  error  as  a  ratio  of  J 
calculated  using  homogenous  weld  metals  assumptions  over  J  calculated  with  local 
plasticity  included.  These  results  are  taken  from  one  typical  test  from  each  of  the  four 
weldments  HBA,  HBC  and  HBD.  As  expected,  initially  the  error  is  small,  as  the 
contribution  of  Jpi  to  J  total  is  small.  However,  as  Jpi  becomes  a  larger  proportion  of  J 
total,  the  error  increases  until  it  reaches  a  peak  between  Aa/W  of  0.01-0.02.  Franco  et.  al 
have  shown  that  variations  in  crack  tip  constraint  only  occur  when  the  plastic  zone 
physically  interacts  with  the  weld  fusion  line  [43].  At  this  point  plasticity  begins  to  move 
away  from  the  crack  tip  and  out  into  the  bulk  of  the  remaining  ligament.  As  the  crack 
grows,  the  homogenous  ripi  reflects  the  increasing  crack  tip  constraint  for  the  deeper 
crack,  and  the  error  is  slowly  reduced. 
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Two  important  points  can  be  taken  from  Figure  1 8.  First,  errors  are  largest  in  the 
initial  portion  of  the  curve.  This  is  the  area  where  Jic  and  tearing  modulus  is  determined; 
errors  in  this  part  of  the  curve  will  result  in  conservative  estimations  of  these  values  not 


representative  of  true  material  properties.  Second,  as  the  crack  tip  moves  closer  to  the 
fusion  line  and  the  deformation  level  increases,  the  error  increases  dramatically.  The 
smallest  weld  fusion  margin  shown  is  0.2,  which  results  in  20%  error  nearly  from  the 
outset  of  the  test.  The  largest  weld  fusion  margin  in  Figure  1 8  is  1 .35.  At  this  level 
errors  are  always  less  than  10%.  Therefore,  for  Lcrk/a  larger  than  1.35  errors  can  be 


ignored  in  all  but  the  most  exacting  analysis. 


Figure  18 

Under  Estimation  of  J  Using  Homogeneous  Weld  Metal  Assumption 


Comparisons  of  J-R  Curves  with  Various  Level  of  Mis-Match 

Crack  resistance  curves  from  three  weld  systems,  two  from  this  study  (HB  A, 
HBB)  and  one  from  a  prior  study  [20]  (GXL),  are  plotted  in  Figure  19.  Weldment  GXL 
is  a  10%  overmatched  system  with  an  Lcrk/a  of  1.8,  and  is  composed  of  Mil-lOOs  weld 
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consumable  and  HY-80  baseplate.  Analysis  of  HBA  includes  local  crack  tip  plasticity, 
while  the  analysis  of  GXL  and  HBB  does  not  accovmt  for  this  effect.  All  three  are 
normalized  by  cjfl,  which  is  defined  as  (cr^^  +  cr„„)/2  and  the  specimen  thickness,  B. 

Clearly,  once  the  differences  in  flow  strength  are  accounted  for  no  difference  can  be 
discerned  between  any  of  the  three  welds.  In  fact,  good  agreement  is  shown  between  the 
two  Mil-1 00s  weld  systems  indicating  no  effect  from  undermatching. 
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Figure  19 

Normalized  J-R  Curves  for  Various  Levels  of  Mis-Match 

Weld  Joint  Geometry  Effects 

Figure  20  shows  J-R  curves  for  Mil-lOOs  welds  with  a  weld  fusion  margin  greater 
than  or  equal  to  1 .5.  These  represent  the  wide  side  of  the  two  single  vee  weldments 
(HBC,  HBD)  and  all  the  tests  from  weldment  HBB.  All  three  sets  of  curves  do  not 
include  local  plasticity  and  are  using  homogenous  weld  meted  as  the  basis  for  the 
calculation  of  J.  Differences  between  data  sets  do  not  exceed  typical  scatter  associated 
with  toughness  testing  and  no  apparent  trend  in  the  data  is  evident.  For  joint  geometries 
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where  Lcrk/a  exceeds  1.5,  toughness  values  appear  equivalent  to  all  weld  metal  toughness, 
and  no  penalty  in  toughness  is  evident  from  joint  design. 


Figure  20 

J-R  Curves  for  Lcrk/a  2: 1.5 

Figure  21  shows  J-R  curves  for  Mil- 100s  welds  with  a  weld  fusion  margin  less 
than  or  equal  to  1 .5.  These  represent  the  narrow  side  of  the  two  single  vee  weldments 
(HBC,  HBD)  and  all  the  tests  from  weldment  HBB.  Local  plasticity  and  constraint  is 
accounted  for  in  the  calculation  of  J  for  both  HBC  and  HBD.  However,  J  calculations  for 
HBB  assume  homogenous  weld  metal  and  do  not  account  for  local  crack  tip  deformation. 
Significant  differences  in  material  behavior  are  evident  at  higher  deformation  level. 
However,  a  review  of  initiation  values  for  these  three  data  sets  indicates  no  statistically 
significant  differences  in  reported  values.  Scatter  in  J-R  behavior  at  this  level  is  not 
unexpected,  especially  between  different  weldments.  As  discussed  previously  some  of 
the  variation  in  toughness  values  may  be  attributed  to  the  loss  of  constraint  in  the  HBB 
specimens  and  the  formulation  in  y  shown  in  Figure  15. 
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Figure  21 

J-R  Curves  for  Lcrk/a  ^  1*5 


Conclusion 

This  report  investigates  the  effects  of  undermatching,  joint  geometry  and  weld 
fusion  line  margin  on  fracture  performance  of  weld  systems  using  short  crack  SE(B) 
specimens.  The  contributions  of  constraint  and  localized  crack  tip  plasticity  to  Jpi  are 
evaluated  for  various  configurations.  Calculating  J  in  short  crack  SE(B)  specimens 
assuming  monolithic,  homogenous  weld  metal  properties  results  in  J-R  curves  that 
exhibit  markedly  different  crack  growth  resistance  behavior  and  initiation  toughness 
depending  on  crack  tip  proximity  to  the  weld  fusion  line.  Once  local  plasticity  and  the 
additional  constraint  caused  by  the  weld/baseplate  interface  is  included  in  the  analysis, 
fracture  behavior  is  independent  of  crack  tip  proximity  to  the  fusion  line  up  to  and 
slightly  beyond  initiation.  Variation  in  behavior  beyond  this  point  is  attributed  to 
increased  constraint  caused  by  the  higher  strength  baseplate  funneling  the  plastic  zone 
through  the  remaining  ligament.  This  negates  the  “short  crack  effects”  that  would  be 
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expected  in  a  homogenous  specimen  of  similar  crack  length.  Additional  variation  in 
fracture  behavior  may  result  from  the  formulation  of  the  y  -factor  used  in  the  calculation 
of  Jpi  for  homogenous  short  crack  SE(B)  specimens  and  from  actual  material  variation 
within  each  weld. 

One  troubling  result  from  this  study  is  the  apparent  increased  propensity  for 
unstable  fracture  as  the  fusion  line  margin  decreased.  This  result  shows  that  a  small 
(short)  flaw  in  an  undermatched  weld  located  in  close  proximity  to  a  higher  strength 
material  or  bending  field  could  result  in  a  high  constraint  condition  at  the  crack  tip  as  the 
plastic  zone  was  distorted.  Normally,  such  a  flaw  would  have  the  benefit  of  a  increased 
tearing  resistance  as  plasticity  easily  flowed  to  a  free  surface.  However,  in  an 
undermatched  weld  the  loss  of  constraint  is  neutralized  and  stresses  increase 
proportionally  to  J  in  front  of  the  crack.  In  this  study  all  of  the  specimens  with  a  weld 
fusion  margin  less  than  or  equal  to  0.75  failed  in  an  unstable  manner,  albeit  after 
significant  prior  ductile  growth.  As  discussed  previously,  factors  other  than  fusion  line 
proximity  and  constraint  level  influence  this  tendency  toward  unstable  failure.  Other 
factors  such  as  local  weld  bead  microstructure  at  the  crack  tip  could  play  a  significant 
role.  Further  investigation  will  be  required  to  determine  what  factors  are  at  the  root  of 
these  failures  and  determine  the  amount  of  ductile  crack  growth  prior  to  instability. 

It  is  important  to  note  that  these  weldments  were  designed  to  enhance  the 
influence  of  weld  joint  undermatching  and  are  not  production  welds.  This  is  clearly 
evident  in  the  higher  than  expected  transition  temperature  exhibited  in  charpy  impact 
testing.  Previous  testing  of  production  welds  clearly  indicates  that  transition  to  fully 
ductile  behavior  occurs  prior  to  -2°C,  which  is  the  test  temperature  of  the  weldments  in 
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this  study.  Unstable  fracture  or  cleavage  would  not  be  expected  from  weldments 
displaying  upper  shelf  behavior. 

Other  conclusions  from  this  study: 

♦  Error  in  calculating  J  using  weld  metal  properties  and  ignoring  the  fusion  line 
proximity  at  Lcrk/a  ^1.5  can  be  less  than  10%  and  can  reasonably  be  ignored. 

♦  Errors  in  calculating  J  using  weld  metal  properties  and  ignoring  the  fusion  line 
proximity  at  Lcrk/a  <  1 .5  can  be  considerable  with  the  error  increasing  as  the 
fusion  line  margin  decreases.  For  Lcrk/a  of  0.2  the  error  can  be  as  high  as 
25%.  Effects  of  localized  plasticity  and  increased  constraint  must  be 
accounted  for  in  the  fracture  analysis. 

♦  Errors  in  the  calculated  value  of  J  using  monolithic,  homogenous  weld  metal 
assumptions  increeise  as  Lcrk/a  decreases. 

♦  Uncorrected  estimates  of  Jic  in  specimens  where  Lcrk/a  is  less  than  1 .5  results 
in  conservative  estimations. 

♦  Specimens  with  imusually  steep  blimting  line  behavior  make  the  calculation  of 
Jic  problematic.  Calculation  of  this  value  becomes  overly  sensitive  to  the 
initial  estimated  crack  length.  It  was  observed  that  small  change  in  the  initial 
crack  length  estimate  (1%)  could  result  in  large  changes  in  Jic  (25%). 

♦  ASTM  1 820  crack  straightness  requirements  are  based  on  a  percentage  of 
average  crack  length,  which  is  unduly  strict  for  short  crack  specimens. 

♦  When  J  values  are  normalized  by  the  flow  strength  and  thickness,  J-R  curves 
for  xmder  and  over-matched  welds  are  similar.  Therefore,  the  effect  of  weld- 
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joint  mismatch  on  the  J-R  curve  can  be  accounted  for  by  adjusting  for  the 
difference  in  flow  stress. 
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